Objective: The aims of this study were to establish the structure of the potent anticonvulsant enaminone methyl 4-(4)-bromophenyl)amino-6-methyl-2-oxocyclohex-3-en-1-oate (E139), and to determine the energetically preferred conformation of the molecule, which is responsible for the biological activity. Materials and Methods: The structure of the molecule was determined by X-ray crystallography. Theoretical ab initio calculations with different basis sets were used to compare the energies of the different enantiomers and to other structurally related compounds. Results: The X-ray crystal structure revealed two independent molecules of E139, both with absolute configuration C11(S), C12(R), and their inverse. Ab initio calculations with the 6-31G, 3-21G and STO-3G basis sets confirmed that the C11(S), C12(R) enantiomer with both substituents equatorial had the lowest energy. Compared to relevant crystal structures, the geometry of the theoretical structures shows a longer C-N and shorter C=O distance with more cyclohexene ring puckering in the isolated molecule. Conclusion: Based on a pharmacophoric model it is suggested that the enaminone system HN-C=C-C=O and the 4-bromophenyl group in E139 are necessary to confer anticonvulsant property that could lead to the design of new and improved anticonvulsant agents.
Introduction
Enaminones are a diverse group of compounds [1, 2] exhibiting a range of pharmacological effects includingcardiovascular [2] , histaminergic [3] , antimalarial [4] , and anticonvulsant activities [5] [6] [7] [8] . The enaminone methyl 4-(4)-bromophenyl)amino-6-methyl-2-oxocyclohex-3-en-1-oate (E139), which contains two chiral centres, has been shown to be a very potent anticonvulsant agent [7] , but it is not known which of the four possible enantiomers are responsible for the activity of the compound. The aims of this study were to determine the three-dimensional structure of E139 by X-ray crystallography, to compare this structure with those calculated by ab initio quantum mechanics using different basis sets, and to attempt to predict the energetically preferred enantiomers. It is hoped that these results will help in the design of more potent anticonvulsant compounds.
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Materials and Methods

Synthesis of E139
The enaminone E139 was prepared and characterized according to the methods of Scott et al. [7] .
Anticonvulsant Evaluation of E139
The anticonvulsant evaluation of E139 was carried out according to previously reported procedures [7] .
X-Ray Crystallography
Repeated efforts at recrystallization of E139 yielded only weakly diffracting material. The best specimen was obtained from ethanol as a rectangular plate. Reflection data were measured by ˆ-2 scans at rates as slow as 0.2 deg W min -1 on an Enraf-Nonius CAD4 diffractometer equipped with a graphite monochromator using Mo K· radiation (Ï = 0.71073 Å). The structures were solved by direct methods with the SHELXS program and refined with absorption corrections using SHELXL [9] . The features (approximately 0.5 e Å -3 or less) on a final difference Fourier map were not significant. Molecular illustrations were drawn with the ORTEP program [10] . Experimental details related to the structural analysis are provided in tables 1 and 2. Additional details of X-ray data are available upon request.
Theoretical Studies
Ab initio quantum mechanical self-consistent field geometry optimizations were carried out at the Hartree-Fock level without constraints using STO-3G, 3-21G and 6-31G basis sets with gradient convergence criteria of ! 0.001 Hartree/Bohr for the change in molecular energy as a function of the three-dimensional atomic displacement forces. All calculations were made with the ab initio package GAMESS [11] on a cluster of Intel-based IBM systems fitted with 650 MHz CPUs. The compounds were visualized and geometry measurements were made with the molecular modelling package CHEM-X [12] on an IBM machine.
Results
Chemistry
The enaminone E139 was obtained as a racemate with a melting point of 188-190°C. Its UV data and elemental (CHNBr) analyses supported the assigned structure [7] . It has a molecular weight of 338.22 for the molecular formula C 15 H 16 NO 3 Br, and a CLOGP value of 3.383. Proton NMR spectroscopy [8] (9) 1,850 (13) 234 (5) 4,083(4) 49(3) C (10) 1,472 (14) 400 (5) 3,639(4) 55(4) C (11) 2,102 (18) 73 (5) 3,238(4) 77(5) C (12) 3,367(19) -324(6) 3,339 (5) 101(6) C (13) 3,280(15) -586(4) 3,775(4) 64(4) C (14) 2,395 (17) 442 (6) 2,848(6) 100 (7) O (15) 3,300 (13) 842 (5) 2,891(4) 120(4) O (16) 1,747 (15) 382 (5) 2,478(4) 154(6) C (17) 2,260 (20) 823 (6) 2,086 (5) 154 (8) O (18) 586 (10) 799 (3) 3,553(3) 68(2) C(19)U(eq) is defined as one third of the trace of the orthogonalized U ij tensor. 
Pharmacology
The enaminone E139 is a class 1 anticonvulsant in the maximal electroshock test [7] . It had an anticonvulsant activity in mice at a dose of 100 mg/kg intraperitoneally. It protected rats against seizures at an oral dose of 50 mg/ kg without causing any neurotoxicity for periods up to 4 h.
In the rat, E139 had a TD 50 of 270 mg/kg and an ED 50 of 4 mg/kg affording a protective index of 167. Thus, E139 is a potent anticonvulsant enaminone.
X-Ray Crystal Structure of E139
E139 crystallized from ethanol (table 1) showed two independent molecules ( fig. 1 ). Chains were formed by hydrogen bonding between the NH and carbonyl oxygen (O18) groups of unprimed and primed molecules in succession. Therefore, the three-dimensional structure of E139 was determined by X-ray crystallography. The Xray data are listed in tables 1 and 2; table 2 gives the atomic co-ordinates and isotropic displacement parameters for non-hydrogen atoms.
Theoretical Calculations
The mean differences in heavy atom bond lengths, angles and torsions between the X-ray crystal structure and the theoretical structures calculated using different basis sets (6-31G, 3-21G and STO-3G) are summarized in table 3. The best agreement is with the theoretical structure calculated with the 3-21G basis set. Table 4 presents comparison of mean values of bond distances, bond angles, and torsion angles relevant to the enaminone and cyclohexene systems with those from the present crystal structure and from theoretical calculation. The theoretical structures show less delocalization in the enaminone moiety leading to more pronounced alternation of bond distances, and a more sharply puckered cyclohexene ring.
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Because averaging is inappropriate, both independent molecules are given (SU 1-2°). Since two different sequences of signs arise in the CSD, absolute values have been averaged (SSD from 2° for N7-C8-C9-C10 to 11° for C10-C11-C12-C13 and C11-C12-C13-C8). 1 Not meaningful because values cluster around both 0° and 180°. Atom numbering is taken from figure 1 (ORTEP drawing) .
The relative energies of the different enantiomers of E139 optimized by different ab initio methods are given in table 5. The results indicate that the lowest energy enantiomer is the C11(S), C12(R) form with substituents equatorial, as observed in the X-ray crystal structure. Other enantiomers were generated by interchanging a substituent and a hydrogen atom on C11 and/or C12, and thus have one or more axial substituents. The rank order of their energies is the same for all three basis sets used for the calculations.
The absolute configuration of the molecule is C11(S), C12(R) (atom numbering based on the ORTEP drawing); their centrosymmetric images are also present. The angles between phenyl and enaminone planes are 48.0(6)° and 52.6(6)°, respectively, and bond lengths confirm that N7 is more closely integrated into the enaminone  system. Every bond angle in the enaminone moiety is expanded above 120° (table 4b) . The cyclohexene ring occurs in a twisted half-chair shape with torsion angles in the ring differing by up to 24°, presumably due to crystal packing forces. An analogous structure with two very different degrees of puckering in the cyclohexene rings has previously been reported [13] .
Discussion
Theoretical Calculations
Enaminones in the crystalline state are subject to distortions that do not affect the isolated molecule. Although electron donation from N to O atoms always shortens the C-N bond and lengthens C=O, this effect is exaggerated by resonance-assisted hydrogen bonding [14] . Sometimes a cyclohexene ring is found in an almost ideal sofa conformation [15] , but other reported structures differ greatly from it. A search of the Cambridge Structural Database (CSD) [16] with 3-(secondary amino)-cyclohex-2-ene-1-one as the search group, no other fused ring, and R !0.1 revealed 26 independent molecules.
The theoretical results shown are for gas phase calculations, and the energetic preference for enantiomer and conformation could change in solution. However, NMR evidence indicates that a single species is formed. This is consistent with work on other enaminones where a single enantiomer is formed about a chiral position on the cyclohexene ring [13] .
Structural Requirements for Anticonvulsant Activity of E139
In the high field 1 H NMR spectrum, the amino tautomer was predominant, and no evidence for the imino tautomer was found. The vinyl proton at ‰ 5.46 indicated that the double bond in the enaminone system was a C=C of the amino tautomer, and not a C=N of the imino tautomer. If the imino tautomer existed to any significant extent, one would observe the methylene (CH 2 ) protons about ‰ 2.50, and the vinyl proton signal would be diminished. The amino tautomer [8] was confirmed by the Xray crystallography of E139.
Using the putative binding site theory proposed by Dimmock et al. [17] and utilized by Pandeya et al. [18] in postulating the interaction of anticonvulsant compounds at a specific binding site, it would appear that the enaminone E139 fits the criteria for a good lead compound. This theory proposes that anticonvulsant compounds interact at two locations at the binding site. These are designated the hydrogen bonding and the hydrophobic bonding areas. In the absence of an identified binding site, it was assumed that the hydrogen bonding area was a peptide chain whereby the repeating amidic functions allow hydrogen bond formation. We suggest that the pharmacophoric descriptors for E139 are the 4-bromophenyl group being complementary to the hydrophobic bonding area, and the enaminone system HN-C=C-C=O being complementary to the hydrogen bonding area ( fig. 2) . To achieve the suggested hydrogen bonding, the enaminone C=C bond must be cis to the N-H bond, not the N-phenyl bond as in the crystal structure. Among other enaminone systems incorporating an anilino substituent, four crystal structures do exhibit the required cis relationship between C=C and N-H.
The heteroconjugated enaminone system HN-C=C-C=O in E139 would form resonance-assisted hydrogen bonds [14] , and intermolecular bonds can give rise to infinite molecular chains called catemers. The cyclohexene ring holds the enaminone system in a fixed conforma- Hydrogen bonding area C tion, and theoretical ab initio calculations confirmed that the C11(S), C12(R) enantiomer with both substituents equatorial had the lowest energy. The previously mentioned researchers have indicated that the 4-bromophenyl moiety fulfilled the structural requirements for binding at the hydrophobic binding site [17, 18] . Similarly, the 4-bromophenyl group and the enaminone system in E139 satisfy the structural requirements for interaction at a putative binding site for anticonvulsant compounds.
Conclusion
The E139 enaminone has been shown to have desirable anticonvulsant property. It is not neurotoxic in rats at an oral dose of 50 mg/kg and can be a lead compound for further molecular modification that will result in more potent anticonvulsant agents.
